Abstract: An overview is provided of the molybdenum-and tungsten-containing enzymes that catalyze the interconversion of formate and CO 2 , focusing on common structural and mechanistic themes, as well as a consideration of the manner in which the mature Mo-or W-containing cofactor is inserted into apoprotein.
Introduction and scope
The oxidation of formate to CO 2 is a widespread metabolic process catalysed by two quite different classes of enzymes: simple metal-independent enzymes that are NAD + -dependent and act via a ternary E•formate•NAD + complex with direct hydride transfer between the two substrates, and metal-dependent enzymes containing molybdenum or tungsten that are frequently components of quite large assemblies and operate via a ping-pong mechanism in which the metal center (in the Mo VI or W VI oxidation state) reacts with formate to become reduced, with the reducing equivalents thus obtained subsequently transferred to other redox-active centers (and eventually on to an oxidizing substrate) thereby regenerating the oxidized metal center. It is these latter enzymes that are the focus of the present account. While most metal-containing formate dehydrogenases function physiologically in the direction of formate oxidation to CO 2 , at least some work in the opposite direction as CO 2 reductases, taking reducing equivalents from a source such as H 2 and using them to reduce CO 2 to formate in a reaction of considerable interest for bioremediation of atmospheric CO 2 and the energy economy. 1 In addition, methanogenic archaea encode Mo-and/or W-containing formylmethanofuran dehydrogenases that are now recognized to function by reducing CO 2 to formate, which subsequently (and at a different site in a very large enzyme complex) condenses with methanofuran. 2 As will be seen, these enzymes share profound structural and functional similarities to the formate dehydrogenases and, for this reason, the two groups of enzymes are properly considered together.
that members of the DMSO reductase family of Mocontaining enzymes and the formate dehydrogenase family of W-containing enzymes are closely related, with fundamentally the same active site metal centers, as illustrated in Figure 1 . Indeed many organisms encode separate but very similar (in some cases virtually identical) formate dehydrogenases containing tungsten on the one hand or molybdenum on the other; the same is true for formylmethanofuran dehydrogenases. The metal centers of these enzyme for which X-ray crystal structures exist are shown in Figure 2 , with the metal coordinated to two equivalents of a pyranopterin-containing cofactor that chelates the metal via an enedithiolate side chain. In all the enzymes considered here, this cofactor is elaborated as the dinucleotide of guanine, most often referred to in the literature as MGD 5 (initially taken to mean molybdopterin guanine dinucleotide, but since subsequently being found in tungstencontaining enzymes as well is presently understood to mean metallopterin guanine dinucleotide). The remainder of the metal coordination sphere is made up of a cysteine or selenocysteine residue provided by the polypeptide and, as recently shown, 6 a terminal sulfido ligand (Mo S or W S) that is essential for catalytic activity. At this point, the enzymes considered here can be subdivided on the basis of (1) whether they are formate dehydrogenases or formylmethanofuran dehydrogenases; (2) the metal present in the active site, molybdenum or tungsten; and (3) whether the ligand provided by the protein is cysteine or selenocysteine. A final level of variation in these enzymes, as discussed further below, is their overall subunit architecture, which ranges from the simple, monomeric FdhF formate dehydrogenases from E. coli (containing molybdenum) 7 and Clostridium carboxidovorans (containing tungsten), 8 ; see below]. The properties of a number of at least partially characterized Mo-and W-containing formate dehydrogenases and formylmethanofuran dehydrogenases are summarized in Table I , which includes references 10-227. The interested reader is also referred to recent reviews of the general properties of these enzymes. 28, 29 Most of the enzymes considered here are specific for the metal utilized, and, in many organisms, independently regulated operons encode Mo-and Wutilizing enzymes that catalyze the same reaction. There are some enzymes, however, that appear to be able to accommodate either metal, depending on the growth conditions (e.g. the formylmethanofuran dehydrogenase from Methanosarcina barrkerii 30 ). In general, the tungsten-containing enzymes seem to be faster (sometimes considerably so) than their molybdenum-containing counterparts, but there is considerable overlap in the range of activities observed. Similarly, selenocysteine-containing enzymes tend to be faster than cysteine-containing ones, although enzymes that possess cysteine natively typically exhibit substantially faster kinetics that Sec-to-Cys Figure 1 . Active site structures for the three families of molybdenum-containing enzymes and two families of tungsten-containing enzymes. The structures in the former case are, from left to right, for xanthine oxidase, sulfite oxidase and DMSO reductase, in the latter case formate dehydrogenase and aldehyde oxidoreductase. The structure of the tetrahydro form of the pyranopterin cofactor common to all these enzymes (as well as the tungsten-containing enzymes) is shown at bottom left, which in all the formate dehydrogenases and formylmethanofuran dehydrogenases is present as the dinucleotide of guanine.
mutants of enzyme that natively possess selenocysteine. Enzymes from hyperthermophiles invariably have tungsten, which presumably impart greater stability, but both tungsten-and selenocysteinecontaining enzymes tend to be much more O 2 -sensitive. It has long been recognized that tungsten systems exhibit lower reduction potentials than the corresponding molybdenum systems, 31 and a major factor as to which form is expressed in those organisms that encode both Mo-and W-utilizing enzymes is likely the net redox poise within the cell under specific growth conditions (particularly carbon source and respiratory substrates). The diversity described above notwithstanding, the overall protein folds of the Mo-and W-containing subunits of these enzymes are remarkably similar. Figure 3 shows the structures of the Mo-or Wcontaining subunits for the four enzymes that have to date been crystallographically characterized: the E. coli FdhF formate dehydrogenase (Mo, SeCys), 7 the FdnG subunit of the E. coli FdnGHI formate dehydrogenase (Mo, SeCys), 22 the FdhA subunit of the D. gigas FdhAB formate dehydrogenase (W, SeCys) 32 and the FwdBD subunits of the T. wolfeii formylmethanofuran dehydrogenase (W, Cys). 2 The overall folds of the proteins are clearly very similar, and the disposition of the Mo/W center (and the [4Fe-4S] cluster relative to it) highly conserved. The most important variation in these structures is that the contiguous C-terminal "cap" domain (in blue) found in the first three proteins exists as a separate FwdD subunit in the T. wolfeii enzyme. Also highly conserved are two additional active site residues, a His immediately to the C-terminal side of the Cys/SeCys that co-ordinates the metal, and an Arg that constitutes part of the substrate binding site. Table I summarizes the better-known formate dehydrogenases and formylmethanofuran dehydrogenases, and Figure 4 shows their subunit makeup and localization within the cell. This list is intended to be illustrative rather than comprehensive, in no small part because of the enormous number of putative enzymes that have been annotated in genomics studies, and the reader is referred to a recent review for additional information. 29 The simplest of these enzymes are the Mo-containing FdhF formate dehydrogenases from E. coli (containing selenocysteine coordinated to the metal) 7 or Pectobacterium atrosepticum (containing cysteine), 10 as well as the W- formate. 1 The A. woodii genome encodes tandem genes for this last subunit, one encoding a subunit that possesses selenocysteine coordinated to the molybdenum and the other cysteine. Finally, there are the Mo-or W-containing formylmethanofuran dehydrogenases, FmdABCDFG and FwdABCDFG, 
Mo-containing Cys-containing Methanothermobacter wolfeii
respectively, from methanogenic archaea such as Methanothermobacter wolfeii and Methanosarcina barkerii. 9 The tungsten-containing enzyme (and presumably also the molybdenum-containing one) from T. wolfeii has a magnificently complex ((αβγδεζ) 2 ) 2 structure with a 110-Å long spiral chain of [4Fe-4S] clusters connecting the two tungsten centers within each (αβγδεζ) 2 protomeric dimer (with the two dimers connected via a pair of bridging [4Fe-4S] clusters; 2 both Mo-and W-containing enzymes have cysteine coordinated to the metal. It is interesting that while the two enzymes are encoded by separate fmd and fwd operons, the molybdate-inducible operon encoding the Mo-containing enzyme is greatly truncated and consists of only three genes, including that encoding the Mo-containing subunit and the "cap" (which is present as a C-terminal domain of the enzyme's FmdC subunit). 9 The implication is that subunits encoded by the constitutively expressed fwd operon are incorporated into the mature Mocontaining enzyme under the conditions in which the latter is expressed. The formate dehydrogenases and formylmethanofuran dehydrogenases are thought to be evolutionarily ancient, and both the acetogenic Wood-Ljungdahl pathway of bacteria and the version found in methanogenic archaea both begin with CO 2 reduction by a Mo-or W-containing enzyme (an H 2 -oxidizing CO 2 reductase in the former case, a formylmethanofuran dehydrogenase in the latter). 33, 34 Indeed, the acetogenic and methanogenic
Wood-Ljungdahl pathways share many common intermediates, passing through consecutive formyl-, methenyl-, methylenyl-, and methylpterin species. The acetogenesis pathway involves tetrahydrofolate while methanogenesis utilizes methanopterin, but on the basis of the obvious similarities in pathway intermediates the two pathways were originally thought Niks and Hille to share a common evolutionary origin. As the enzyme systems of the two pathways became better characterized, however, it became clear that the enzymes responsible for cognate steps in fact had dramatically different subunit architectures and the pathways thus appeared to represent convergent rather than divergent evolution, with the shared chemical transformations simply being coincidental. As crystal structures for the enzymes became available, however, a deep structural similarity between the participants in the acetogenic and methanogenic pathways re-emerged, as reflected in the structures shown in Figure 3 for the Mo-or W-containing sites that catalyze CO 2 reduction in vivo. Recent genomics analyses indeed confirm that these pathways are indeed very ancient, likely tracing back to the Last Universal Ancestor to all extant life forms, 35 an organism that utilized a "molecular toolkit" of genes encoding simple proteins that possessed a range of redox-active cofactors that it used to mix and match in developing various metabolic capabilities. 36 It is this process that is now thought to have given rise to the differences in protein architectures seen in the acetogenic and methanogenic WoodLjungdahl pathways.
Reaction mechanism
Given the overall similarities in active site structures, it is very likely that all molybdenum-and tungsten-containing formate dehydrogenases act via fundamentally the same chemical mechanism regardless of whether they possess Cys or SeCys coordinated to the metal, and over the years various mechanisms have been proposed for one or another enzyme (Fig. 5) . [37] [38] [39] [40] [41] The initial mechanistic clue was the demonstration that oxygen from solvent was not incorporated into product CO 2 in the course of the reaction, indicating that the reaction did not proceed via an oxygen atom transfer mechanism. 37 Based on the original crystal structures for the E. coli FdhF enzyme, 7 a mechanism was originally proposed (Fig. 5(A) ) that involved formate displacing a Mo O group from the molybdenum coordination sphere, followed by deprotonation of the C α carbon and reduction of the molybdenum. Subsequently proposed mechanisms ( Fig. 5(B) and (C)) have involved formate displacing the (seleno)cysteine instead, again followed by abstraction of the C α proton of formate followed by transfer of a pair of electrons to the molybdenum center upon formation of the second C O bond. A major difficulty with each of these mechanisms, however, has to do with the pK a of the C α proton. The pK a for the C α proton of formamide (with an -NH 2 group rather than the -CO 2 − of formate) is 23 42 and the formate pK a will undoubtedly be much higher given the formation of the dianion. It is simply not clear how either a histidine residue or the now-dissociated (Se)Cys could have a pK a sufficiently high to effect deprotonation of the C α carbon of formate. A major advance in our understanding of how these enzymes work was the recent demonstration that the E. coli FdhD gene product was a sulfur transferase that, in conjunction with the IscS cysteine hydrogen of formate is transferred to the molybdenum center in the course of formate oxidation and, with the metal in the Mo(V) oxidation state, is strongly coupled to the metal as determined by EPR. The hydrogen was originally proposed to be present on the His residue adjacent to the Mo-coordinating SeCys, but the strong~20 MHz coupling clearly indicates that the proton must be present in the immediate coordination sphere of the molybdenum. It has been proposed instead that the hydrogen is present as a Mo SH group, 40 consistent with the similarly strong hyperfine coupling of Mo SH protons that is observed in both model complexes 43 and other enzymes. 44 This being the case, the Mo S sulfur of oxidized enzyme has become protonated as the molybdenum center becomes reduced, implying that the reaction proceeds as a simple hydride transfer to give the fully reduced Mo(IV) species (with the EPRdetectable Mo(V) valence state formed by subsequent transfer of one electron out to other redox-active centers in the protein), as shown in Figure 5 (D). Formate is known to be a good hydride donor (the reduction of NAD + by the metal-free formate dehydrogenases necessarily occurs via hydride transfer) and the Mo S group of other molybdenum-containing enzymes (notably xanthine oxidase and aldehyde oxidase 45 ) is known to be a good hydride acceptor. An important implication of this mechanism is that the molybdenum coordination sphere is coordination stable, remaining six-coordinate throughout the catalytic sequence with no dissociation of either the Mo S or Mo (Se)Cys ligands to the metal. The hydride transfer mechanism has received considerable acceptance (see, e.g. Ref. 46 ), but the basis of parallels with the presumed mechanism by which the enzyme reduces nitrate 38 ; (D) the simple hydride transfer mechanism proposed by Niks et al. 39 ; and (E) the mechanism that proposed by Robinson et al. on the basis of the observed patterns of inhibition for nitrite and similar inhibitors seen in both the forward and reverse directions as observed electrochemically. 40 In the last case, the initial intermediate is proposed to break down either by proton-coupled electron transfer or hydride transfer processes.
Niks and Hille
alternate mechanisms have recently been proposed. Based on the observation that the R. capsulatus FdsABG formate dehydrogenase is able to reduce nitrate to nitrite (albeit extremely slowly, with a k cat of 0.21 min −1 ) and on the assumption that nitrate reduction necessarily takes place by oxygen atom transfer, a mechanism has been proposed in which nitrate displaces the Mo-coordinating Cys 386 from the molybdenum center (in the reduced state) during turnover; by analogy, formate was proposed to displace Cys 386 (from the oxidized molybdenum center), with product CO 2 being formed by abstraction of the C α proton by the now-dissociated Cys 386, followed by transfer of a pair of electrons to the molybdenum center, 39 as shown in Figure 5 (B). This mechanism is very similar to one proposed earlier, 38 and suffers from the problem discussed above regarding the expected pK a for the C α of formate. Such a general base role for the dissociated Cys becomes especially problematic when considering those enzymes containing SeCys, given its even lower pK a ; the great reduction in activity on mutating the SeCys of the E. coli FdhF to Cys 47 is specifically difficult to rationalize if the residue functions as a general base in the course of the reaction. This mechanism also has difficulty accounting for both the experimentally observed transfer of the C α hydrogen to the molybdenum center 37, 40 and the strong 77 Se coupling in the catalytically generated Mo(V) EPR signal exhibited by enzyme isolated from cells grown on 77 Se-enriched medium that clearly demonstrates the SeCys is coordinated directly to the metal in the signal-giving species. 37 In any case, it must be recognized that nitrate can also be reduced catalytically via a variety of mechanisms in addition to oxygen atom transfer, 48 and no direct proof of oxygen atom transfer in the reduction of nitrate by formate dehydrogenase (or nitrate reductase, for that matter) has yet been provided in the literature.
Further support for a mechanism involving displacement of the (Se)Cys ligand from the metal was claimed with the observation that Cys 386 of the R. capsulatus FdsABG, like the SeCys 140 of FdhF and the Cys of a Sec140Cys variant thereof, 47 was found to be modified by iodoacetamide in the presence of nitrate and formate. 39 The modification of Cys 386 by iodoacetamide does not necessarily prove that the Cys dissociates in the course of turnover, however. In the R. sphaeroides DMSO reductase, for example, one of the pyranopterin cofactors is known to dissociate from the metal in a way that is not catalytically relevant. 49 Were the enzyme to be reacted with iodoacetamide, the dissociated pterin would undoubtedly become derivatized, yet it would be incorrect to conclude that the ligand dissociation implied by the covalent modification of the cofactor was mechanistically relevant. Still, the reanalysis of the original X-ray diffraction data of the E. coli FdhF that suggested the terminal ligand in oxidized enzyme was a Mo S (or Mo SH) rather than Mo O ligand in oxidized enzyme also identified an alternate polypeptide trace into the electron density of the reduced enzyme in which the selenocysteine had dissociated from the molybdenum and formed a loop that was in reoriented such that the both Sec 140 and His 141 were positioned well away from the molybdenum. 38 The new model indeed provides an improved fit to the electron density in some ways, but it leaves unaccounted for substantial electron density in the immediate vicinity of the molybdenum, and the newly positioned His 141 in this alternate structure is in fact poorly represented in the electron density. It seems most likely that the electron density reflects two different structures, with the identified Sec 140 loop in either of two (or more) positions, and coordinated to the molybdenum in only one. There is no definitive evidence to date that the Sec-dissociated structure, which unquestionably exists, is catalytically relevant, and it may well represent enzyme that is inactivated. It is thus difficult to say that the presently available crystallographic data unambiguously supports selenocysteine dissociation in the course of the catalytic sequence. It is also worth bearing in mind that dissociation of the Sec (or Cys) appears to be unique to the E. coli FdhF, and has not been observed in any of the other proteins that have been examined crystallographically. X-ray absorption spectroscopy has also been employed to ascertain the nature of the molybdenum (or tungsten) coordination sphere of the formate dehydrogenases, and has emphasized the importance of sample integrity. The initial work with the E. coli 50 and Desulfovibrio desulfuricans 40 formate dehydrogenases, both molybdenum-and selenocysteinecontaining enzymes, indicated that the Mo SeCys bond was maintained in reduced as well as oxidized enzyme, but a Mo-OH (in the E. coli enzyme) or Mo O (in the D. desulfuricans enzyme) was found rather than the (now) expected Mo S, suggesting that a substantial amount of the sample (as was presumably also the case in the original crystallographic work) had become inactivated. Indeed, in addition to be being quite air-sensitive, most of these enzymes appear to be less stable in their reduced forms. 51 The problem is compounded by the fact that, like many Mo-and W-containing enzymes, recombinant systems typically yield protein that lacks a fully functional metal center. In the case of the cysteine-containing R. capsulatus FdsABG formate dehydrogenase, for example, clear evidence has been found for a Mo S in the oxidized enzyme, but only in~50% of the molybdenum centers present in the sample. 6 It is generally agreed that Mo O and/or Mo OH ligands are not present in the functional molybdenum coordination sphere, but are very likely to replace Mo S and/or Mo S(Cys) ligands should these ligands dissociate from the molybdenum in the course of inactivation. Indeed, the Mo O ligand seen in the reduced enzyme that was interpreted as a metalcoordinated formate may well represent an exogenous oxygen present in a population of inactivated enzyme in the XAS samples that is unrelated to functional enzyme. Very recently, a second mechanism for the E. coli FdhF that is predicated on displacement of the protein ligand from the metal center by formate has been proposed, in which catalysis again is initiated by formate coordination to the molybdenum via its carboxylate group, displacing the selenocysteine (Fig. 5  (E) ). 51 In this case, formate oxidation proceeds either via hydride transfer to the Mo VI S group or coupled proton electron transfer, with the Mo S group deprotonating the C α of formate, with electrons in the dative covalent bond between the carboxylate oxygen and molybdenum reducing the metal. The second of these alternative mechanisms involves abstraction of the formate C α proton, and suffers the same difficulty as that discussed above given its very high pK a . This mechanism also fails to account for the strong 1 H coupling of the erstwhile C α proton that is observed by EPR. In the case of the first mechanism, it is simply not clear why tying up the electrons destined to form the second C O double bond of product CO 2 by coordinating to the molybdenum should facilitate the reaction. The basis for proposing formate displacement of the protein-contributed selenocysteine from molybdenum to the metal came from electrochemical studies in the presence of various anionic inhibitors of the enzyme. The principal result was that ions such as N 3 − , NO 2 − , NO 3 − , OCN − , and SCN − were all found to be strong, competitive inhibitors with respect to formate in the forward direction (with the molybdenum originally in the oxidized Mo VI state), but weaker, and non-competitive, inhibitors in the direction of CO 2 reduction (where the reaction begins with the metal in the reduced Mo IV state). One would indeed expect each of these anionic inhibitors to bind more effectively to more oxidized forms of the metal than reduced, but given the proximity of the substrate binding site (with its highly conserved arginine residue), the result could simply be due to electrostatics rather than dissociation of the selenocysteine. Indeed, the authors acknowledge that these same anions are competitive inhibitors with respect to formate oxidation with the metal-independent formate dehydrogenases. Perhaps most significantly, it must be borne in mind that the structure of FdhF with one of the inhibitors used, nitrite, has been determined 7 and while the nitrite is indeed found coordinated to the molybdenum, it occupies the position occupied by the Mo S rather than the selenocysteine, which remains coordinated to the molybdenum in the structure. With the catalytically essential sulfur gone, the structure is obviously of an inactive form of the enzyme (possibly formed only in that portion of the enzyme that had already lost the Mo S ligand), but the empirical observation is that the selenocysteine remains co-ordinated to the molybdenum in the nitrite-inhibited enzyme.
Reversibility of the reaction: CO 2 reduction
Apart from the documented systems that function physiologically as CO 2 reductases, the literature presents a rather confusing picture with regard to whether one or another of the enzymes that function physiologically to oxidize formate is capable of catalyzing the reverse reaction, the reduction of CO 2 to formate. In particular, there appears to be no clear correlation with reactivity in the reverse direction as regards metal or whether the metal is complexed with cysteine or selenocysteine. The situation is particularly unfortunate given the importance of the reaction, both from the standpoint of clearing a greenhouse gas from the atmosphere and also from the standpoint of energy storage. Particularly, if the reaction indeed proceeds via hydride transfer, it would seem that all (metal-containing) formate dehydrogenases should be able to reduce CO 2 provided sufficiently low-potential electrons. CO 2 reduction by the D. desulfuricans formate dehydrogenase has recently been comprehensively examined, with a k cat in the reverse direction being found to be 47 s
(as compared with the k cat for formate oxidation in the forward direction of 543 s −1 ). 46 Similarly, in the case of the C. necator FdsABG enzyme, which had been previously reported to not be able to catalyze CO 2 reduction, 52 the enzyme was found to be effective in utilizing NADH to drive CO 2 reduction with a k cat of 11 s −1 , K m NADH of 46 μM, and K m CO2 of 2.7 mM. 53 Importantly, these kinetic parameters were shown to be consistent with the expected Haldane relationship and the known reduction potentials for the NAD + / NADH and CO 2 /formate couples of −320 mV and − 420 mV versus SHE, respectively. Two particularly important observations came out of these studies: first, the enzyme possessed considerable diaphorase activity and it was essential to conduct experiments anaerobically; and second, it was important to use CO 2 -saturated buffers in preparing substrate solutions for the reverse reaction, as bicarbonate was found to be a poor surrogate for CO 2 . These points likely account for the many false negative (or positive) results that have been reported in the literature, and it is likely that all the Mo-and Wcontaining formate dehydrogenases are able catalyze the reduction of CO 2 .
In the case of the formylmethanofuran dehydrogenases, it was thought for many years that the reaction involved CO 2 carbamoylation of methanofuran, with the adduct subsequently reduced to the product formylmethanofuran. 54 The X-ray crystal structure of the tungsten-containing M. wolfeii FwdABCDFG enzyme, however, clearly showed that the binding site for methanofuran was some 40 Å removed from the tungsten center, with the two sites connected via a hydrophobic tunnel through which formate, once generated from CO 2 at the tungsten center, diffused to the methanofuran binding site where it was incorporated into product. 2 Significantly, the highly conserved His and Arg residues of the formate dehydrogenases are also conserved in the M. wolfeii formylmethanofuran dehydrogenase. This being the case, and in light of the strong structural similarities in structures of the metal centers in both Mo-and Wcontaining formylmethanofuran dehydrogenases and formate dehydrogenases discussed above, it is likely that the two groups of enzyme operate via the same fundamental chemical mechanism.
Cofactor maturation and insertion
The FdhC and FdhD gene products are known to be required for maturation of each of the three formate dehydrogenases encoded by the E. coli genome. 55, 56 The role of FdhC is presently unknown, but FdhD has been shown to be specifically involved in the transfer of sulfur from the IscS cysteine desulfurase of E. coli to the nascent molybdenum center prior to insertion into the apoproteins. 57 The crystal structures of FdhD from both Desulfotalea psychrophilia (PDB 2PW9, unpublished) and E. coli (PDB 4PDE 58 ) have recently been determined, the latter in complex with GDP. The dimeric protein has an overall blunt conical shape, with two equivalents of GDP bound at its concave base; this location presumably represents the binding site for the bisMGD-containing cofactor, and a model for the bisMGD form of the molybdenum cofactor indeed fits nicely at this position. 58 Two cysteine residues known to be important for function, 57 Cys 121 and 124 in the E. coli enzyme, are found in an unresolved loop (Residues 113-131) on the opposite side of the protein. An~8 Å-wide tunnel exists through the center of the protein, and in the D. psychrophilia FdhD structure, this loop, with only six residues unresolved (but unfortunately still including the conserved cysteines) extends into the tunnel. It has been proposed that this loop interacts with IscS on one side of FdhD to accept the sulfur (as a persulfide to Cys 121), then reorients itself, passing into the tunnel through to the opposite side of the protein where the distal sulfur of the cysteine persulfide is passed on to the bound molybdenum cofactor. 58 Cys 124, which is not universally conserved in FdhD homologs from different organisms, is proposed to facilitate cofactor sulfuration in the case of the E. coli enzyme by forming an internal disulfide with Cys 121 in the course of the reaction. FdhD is known to interact with FdhF in activating the enzyme, 57 and likely physically inserts the now mature, sulfurated cofactor into the apo FdhF in an "open" configuration in which the cap domain has moved away from the body of the protein. The difficulty is that in the model of the molybdenum cofactor bound to FdhD, the newly incorporated Mo S is oriented back toward the tunnel from whence it came, away from the surface of the protein, with the two pyranopterin rings extending out toward solvent. Similarly, in the body of FdhF, the Mo S group is similarly oriented away from the face of the body that is exposed on removing the cap, which would require that the cofactor fully dissociate from FdhD in binding to apo FdhF. This would seem to be unlikely given the instability of both the pyranopterin and Mo S moieties of the cofactor. This problem is resolved, however, if the cofactor is not passed directly to the body of FdhF but is instead transferred first to the cap domain, which then closes onto the body of FdhF with the cofactor now properly positioned. In the structure of holo FdhF, the cap domain interacts primarily with the pyranopterins of the molybdenum center, whereas the body of FdhF, like FdhD in the model of the protein in complex with the molybdenum cofactor, interacts primarily with the two guanine moieties of the cofactor. This provides a plausible means by which the sulfurated cofactor passes from FdhD once sulfurated, to the FdhF cap and then to the body of FdhF. An intriguing possibility in the context of this scheme is that sulfuration of the cofactor might not occur until formation of an FdhD:cofactor:cap ternary complex, which could ensure that only sulfurated cofactor is incorporated into FdhF.
Conclusions
Although our understanding of the structures of the microbial formate dehydrogenases and formylmethanofuran dehydrogenases has advanced considerably over the past 5 years, important structural features directly relevant to catalysis of formate oxidation and CO 2 reduction remain. Most critical at present is the need to establish unambiguously by X-ray crystallography whether the metal-coordinating Cys or SeCys dissociates from the metal in the course of the reaction, which will indicate whether it will prove necessary to consider alternatives to a hydride transfer mechanism. Much additional mechanistic work, particularly with the tungsten-containing enzymes and the formylmethanofuran dehydrogenases, is also needed to validate the underlying assumption of the present account: that all these enzymes function via the same basic mechanism for the reversible interconversion of formate and CO 2 .
